ABSTRACT: Molecular chaperones are a highly diverse group of proteins that recognize and bind unfolded proteins to facilitate protein folding and prevent nonspecific protein aggregation. The mechanisms by which chaperones bind their protein substrates have been studied for decades. However, there are few reports about the affinity of molecular chaperones for their unfolded protein substrates. Thus, little is known about the relative binding affinities of different chaperones and about the relative binding affinities of chaperones for different unfolded protein substrates. Here we describe the application of SUPREX (stability of unpurified proteins from rates of H-D exchange), an H-D exchange and MALDI-based technique, in studying the binding interaction between the molecular chaperone Hsp33 and four different unfolded protein substrates, including citrate synthase, lactate dehydrogenase, malate dehydrogenase, and aldolase. The results of our studies suggest that the cooperativity of the Hsp33 folding-unfolding reaction increases upon binding with denatured protein substrates. This is consistent with the burial of significant hydrophobic surface area in Hsp33 when it interacts with its substrate proteins. The SUPREX-derived K d values for Hsp33 complexes with four different substrates were all found to be within the range of 3-300 nM.
Most proteins must fold into a well-defined three-dimensional structure to carry out their physiological roles within the cell. However, under different kinds of environmental stress conditions, such as elevated temperature, ultraviolet light, exposure of the cell to toxins (e.g., hypochlorous acid, arsenic, or trace metals), and infection, many proteins begin to lose their structure and function. Protein unfolding then often leads to nonspecific aggregation, which is considered to be a largely irreversible process in vivo. Molecular chaperones make up a class of proteins that function in the cell to recognize and selectively bind nonnative proteins to prevent protein aggregation and facilitate their folding. It is generally believed that chaperones interact with unfolding protein substrates via hydrophobic interactions (for a review, see ref 1) . For example, peptide binding studies using a number of different chaperones revealed that most exhibit a greater preference for hydrophobic peptides than for charged, hydrophilic peptides (2) (3) (4) . Fluorescent hydrophobic probes have also been used to show that chaperones bind unfolded protein substrates upon exposure of hydrophobic surfaces (5) (6) (7) . Finally, analysis of several X-ray crystallographic structures of chaperones indicated they preferentially bind to hydrophobic residues (4, 8, 9) .
While there is an increasing amount of knowledge about the detailed molecular interactions that define chaperone-substrate interactions, much less is known about the binding affinities. The few studies that exist on selected chaperone-substrate complexes have reported binding affinities in the range of 1-170 nM (10) (11) (12) (13) (14) . The primary goal of this study is to quantify the binding affinity of the molecular chaperone Hsp33 1 with four different denatured protein substrates, including citrate synthase (CS), lactate dehydrogenase (LDH), malate dehydrogenase (MDH), and aldolase. This work also addresses a fundamental question about molecular chaperone binding interactions, that is whether the binding affinity of a given chaperone for different substrate proteins is the same or different.
Hsp33 is a redox-regulated chaperone holdase from Escherichia coli, which prevents HOCl-and other stress-induced protein aggregation both in vitro and in vivo. In its reduced form, Hsp33 is monomeric and inactive. The four conserved cysteine residues, located in the C-terminus of Hsp33, coordinate one zinc ion with very high affinity and constitute the so-called redox-switch domain of Hsp33. Upon oxidative activation of Hsp33, the four cysteine residues form two intramolecular disulfide bridges and release their zinc ion (15, 16) . Disulfide bond formation and zinc release induce large conformational rearrangements in Hsp33's C-terminus and cause Hsp33 to adopt a partially unfolded conformation. Two oxidized Hsp33 monomers then dimerize, and Hsp33 acquires its chaperone activity in which one Hsp33 dimer is thought to interact with one unfolded polypeptide substrate (15, 17) . Unfolding of Hsp33's C-terminal domain appears to be essential for the exposure Article Biochemistry, Vol. 49, No. 6, 2010 1347 of the large hydrophobic surface on the N-terminus of Hsp33, which has been suggested to serve as a binding site for unfolded substrate proteins (5) .
The experimental strategies employed to date, for evaluating the binding affinities of protein chaperones for their unfolded protein substrates, have involved H-D exchange and NMRbased methods (12) , fluorescence spectroscopy (10, 11) , surface plasmon resonance (13) , and backscattering interferometry (14). Here we utilize an H-D exchange-and mass spectroscopy-based method, termed SUPREX (stability of unpurified proteins from rates of H-D exchange), to measure the binding affinity of Hsp33 for its protein substrates. In SUPREX, the denaturant dependence of the amide H-D exchange reaction is determined to obtain a measure of the thermodynamic parameters associated with the global unfolding-refolding reaction of the protein under study, the Hsp33 protein in this work. The thermodynamic parameters measured in the absence and presence of ligands (the unfolded protein substrates in this work) can ultimately be used to generate thermodynamic information about the binding affinity. The SUPREX technique has been successfully applied to evaluation of the binding affinity of proteins complexed with small molecules (18) (19) (20) (21) , peptides (18, 21, 22) , folded proteins (21, (23) (24) (25) , and nucleic acids (21, 26) . This study is the first application of SUPREX to the thermodynamic analysis of chaperone-unfolded protein interactions.
EXPERIMENTAL PROCEDURES
Materials. The following reagents were purchased from Sigma-Aldrich (St. Louis, MO): deuterium oxide (99.9% atom D), sodium deuteroxide (35 wt % in D 2 O, 99.9% atom D), deuterium chloride (20 wt % in D 2 O, 99.5% atom D), sinapinic acid (SA), soybean trypsin inhibitor, and aldolase from rabbit muscle. Guanidine hydrochloride (GdmCl) and trifluoroacetic acid (TFA) were purchased from MP Biochemicals, EMD, and Halocarbon (River Edge, NJ), respectively. Acetonitrile (ACN) was purchased from Fisher (Fair Lawn, NJ), and deuterated phosphoric acid was from Cambridge Isotope Laboratories (Andover, MA). Citrate synthase (CS) from pig heart, malate dehydrogenase (MDH) from pig heart, and lactate dehydrogenase (LDH) from hog muscle were purchased from Roche (Indianapolis, IN).
Protein Expression and Purification. Purification of wildtype Hsp33 and preparation of reduced inactive Hsp33 red were conducted as previously described (5) . To activate Hsp33, 50 μM Hsp33 red was incubated with 500 μM NaOCl for 1 h at 30°C in 40 mM potassium phosphate buffer under constant shaking at 300 rpm. Excess NaOCl was removed using PD-10 desalting columns. The oxidized Hsp33 was concentrated and stored at -80°C.
Chaperone Activity Measurements. To determine the activity of oxidized Hsp33, light scattering experiments were conducted as previously described (27) . Briefly, all substrate proteins (CS, MDH, LDH, and aldolase) were incubated in 40 mM HEPES (pH 7.5) in the absence or presence of Hsp33 at concentrations and temperatures as indicated in the figure legends. Light scattering was monitored at λ ex and λ em values of 350 nm using a Hitachi F4500 fluorescence spectrophotometer equipped with a thermostated cuvette holder and stirrer.
Sample Preparation. , respectively (30) . CS was stored at -80°C, while MDH, LDH, and aldolase were stored at -20°C.
A solution of activated Hsp33 (dimeric concentration of 216 μM) was prewarmed in an Eppendorf tube at either 43°C (for CS), 47°C (for MDH), 57°C (for LDH), or 65°C (for aldolase). Then, concentrated stock solutions of the indicated substrate proteins were added to the activated Hsp33 in a stepwise fashion at the indicated temperatures under constant shaking at 330 rpm, until an Hsp33 dimer:substrate protein ratio of 1:1.5 was reached (final Hsp33 dimer concentration ranging from 114 to 124 μM). During the titration, the solutions remained clear until a molecular ratio of 1:1 (Hsp33 dimer:substrate protein) was reached. Addition of excessive substrate proteins resulted in turbidity due to protein aggregation, indicating that the majority of Hsp33 substrate binding sites is saturated with substrate proteins. These aggregates were removed by centrifugation (13000 rpm for 45 min at 4°C), and the supernatant was directly used for further experiments.
SUPREX Buffer Preparation. Deuterated GdmCl was used to prepare a series of deuterated H-D exchange buffers containing 40 mM phosphate (pD 7.4) and concentrations of GdmCl ranging from 0.3 to 4 M. The deuterated GdmCl used to prepare the SUPREX buffers was deuterated using four cycles of dissolution in D 2 O and lyophilization. The pD of each SUPREX buffer was adjusted with sodium deuteroxide and deuterium chloride. pH measurements were converted to pD measurements via addition of 0.4 to the pH reading (31) . The final concentrations of GdmCl in the buffers were measured with a refractometer (Bausch and Lomb, Rochester, NY) as described previously (32) .
Instrumentation. MALDI mass spectra were recorded on an Ultraflex II TOF/TOF mass spectrometer (Bruker Daltonics, Billerica, MA) equipped with a Nd:YAG laser and were the sum of 100 laser shots with the linear and positive mode. The following instrument parameters were used: an ion source 1 voltage of 25 kV, an ion source 2 voltage of 23.4 kV, a lens voltage of 6.8 kV, and a delay time of 600 ns.
SUPREX Data Acquisition and Analysis. A high-sensitivity SUPREX protocol (33) was used in this study. Briefly, Hsp33 ox and Hsp33 ox -substrate protein complexes were diluted 10-fold into 10 μL of each GdmCl-containing SUPREX buffer to initiate H-D exchange, which was performed at room temperature. After the specified H-D exchange time at room temperature, the H-D exchange reactions were quenched by addition of TFA to a final concentration of 3% (v/v). A C18 ZipTip (Millipore Corp., Billerica, MA) was used to desalt and concentrate the individual protein samples according to the manufacturer's instructions. The protein was eluted from the ZipTip using 10 μL of a saturated SA-MALDI matrix solution prepared in aqueous buffer containing 45% (v/v) ACN and 0.1% (v/v) TFA. A 1 μL aliquot was placed on a predeposited microcrystalline layer of SA matrix containing aldolase from rabbit muscle and soybean trypsin inhibitor, which were used as the internal mass calibrants.
MALDI-TOF analyses were performed to determine the extent of H-D exchange in each sample. A Microsoft excel macro program script was used to determine the mass-to-charge ratio for the Hsp33 peak. The macro script performed a 19-point floating average smoothing of the data, a two-point mass calibration using the ion signals from internal mass calibrations, and a center of mass determination for the protein's MALDI ion signal. The extent of deuteration (i.e., Δmass) was calculated for each sample by subtracting the mass of the undeuterated protein from the partially or fully deuterated protein mass. Ten spectra were collected at each denaturant concentration, and the Δmass values derived from these spectra were averaged. The resulting Δmass avg values were subsequently plotted against the GdmCl concentration to generate the SUPREX curves (34) .
The data in each SUPREX curve were fit to a four-parameter sigmoid equation using a nonlinear regression routine in SigmaPlot (Systat Software, Inc., San Jose, CA) to extract a C 1/2 SUPREX value (i.e., concentration of the denaturant at the transition midpoint of the sigmoid curve) from each SUPREX curve. SUPREX curves were collected at several exchange times for Hsp33 and each Hsp33-substrate protein complex. The H-D exchange times used in this work ranged from 2 to 45 min. The C 1/2 SUPREX values determined at the different H-D exchange times were used in eq 1, the derivation of which is described elsewhere (22) , to determine m and ΔG f values for Hsp33 in the absence and presence of each substrate protein.
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where R is the gas constant, T is the temperature in kelvin, AEk int ae is the average intrinsic exchange rate of an unprotected amide proton, which is 251 min
, as calculated using the relationship AEk int ae = 10 pH-5 min -1 (34), t is the H-D exchange time, m is defined as δΔG f /δ[denaturant], ΔG f is the folding free energy of the protein in the absence of denaturant, n is the number of protein subunits involved in the folding reaction (n = 2 for Hsp33), and [P] is the protein concentration expressed in n-mer equivalents. The left side of the equality in eq 1 will hereafter be termed ΔG app .
Plots of ΔG app versus C 1/2 SUPREX were generated for Hsp33 and each of the protein-substrate complexes. These data were fit to eq 1 using a linear regression routine in Sigma Plot, and the y-intercept and slope were taken to be the ΔG f and m value (i.e., δΔG f /δ[denaturant]), respectively. As described previously (18, 19) , we used an averaged m value (m avg ) to calculate ΔG f,avg values. These ΔG f,avg values were ultimately used to calculate ΔΔG f,avg values for determination of dissociation constants.
In our binding studies of Hsp33, the protein substrates were present in less than a 10-fold excess over the Hsp33 concentration. Therefore, dissociation constants (K d ) were calculated using eq 2 (35).
where L total is the final concentration of ligand in the H-D exchange reaction mixtures, [P] total is the concentration of Hsp33 dimer, ΔΔG f,avg is the difference in ΔG f,avg between the bound and unbound forms of the protein, and N is the number of independent equivalent binding sites (N = 1 as expected for the Hps33 dimer).
RESULTS
Qualitative in Vitro Analysis of Hsp33 Binding Interactions. Hsp33 functions as an ATP-independent molecular chaperone, which binds to a large number of unfolding proteins in vivo as well as to commonly studied chaperone substrate proteins, such as citrate synthase in vitro (36) . Light scattering experiments were initially conducted to evaluate the ability of activated Hsp33 to inhibit aggregation of thermally unfolding citrate synthase (CS), malate dehydrogenase (MDH), lactate dehydrogenase (LDH), and aldolase. These four proteins differ not only in size, oligomerization status, and isoelectric point but also in the temperature that causes their unfolding and aggregation, which ranges from 43°C (CS) to 65°C (aldolase) (Figure 1) . To test the influence of Hsp33 ox on their thermally induced aggregation, we incubated the enzymes at their respective unfolding temperatures either in the absence or in the presence of a 2-fold molar excess of active Hsp33 ox dimers. As shown in Figure 1 , the presence of active Hsp33 ox suppressed the light scattering of each protein, suggesting that Hsp33 binds the proteins and prevents their irreversible aggregation. These results are consistent with previous observations that activated Hsp33 is a potent chaperone, with wide substrate specificity.
Hsp33's stoichiometry of binding has been previously tested using thermally unfolded luciferase (37) . The results of these studies suggested that active Hsp33 dimers bind to substrate proteins in a 1:1 stoichiometry. In agreement with these results, we conducted titration experiments in which we titrated increasing concentrations of citrate synthase and the other substrate proteins to a defined concentration of Hsp33 dimers at elevated temperatures (data not shown). No significant aggregation was visible at a 1:1 ratio of Hsp33 dimers to CS monomers. Additional titration of substrate proteins caused visible aggregation, suggesting that the Hsp33 dimer was saturated with substrate protein.
Quantitative in Vitro Analysis of Hsp33 Binding Interactions. The release of protein substrates from Hsp33 appears to require the presence of reducing conditions and a functional DnaK system (37) . Thus, our preformed complexes between Hsp33 and the substrate proteins were expected to be sufficiently stable at room temperature, which was the temperature at which subsequent SUPREX analyses were performed. Shown in Figure 2 A total of four SUPREX curves were acquired for each Hsp33-substrate complex using different H-D exchange times that ranged from 2 to 45 min. The C Table 1 . The H-D exchange times in this study were chosen such that they were (i) sufficiently short enough to yield curves with sufficient amplitude to clearly distinguish pretransition baseline values that were distinct and (ii) sufficiently long to yield significant C 1/2 SUPREX value shifts (i.e., greater than 0.1 M). This allowed for accurate determinations of ΔG f and m values, which involved generating plots of ΔG app versus C Table 2 .
The SUPREX-derived m values for Hsp33 in the presence of the four different protein substrates were all larger than the m value measured for Hsp33 in the absence of the substrate. Application of Peirce's criterion (38) to the m values in Table 2 confirmed that the apo-Hsp33 m value in Table 2 could indeed be considered a statistically significant outlier compared to the other m values in Table 2 . The increased m values obtained for the The ΔG f and m values were calculated from the linear least-squares analysis of the data using eq 1. The reported errors are the fitting errors of the linear least-squares analyses. Hsp33 complexes imply that the Hsp33 protein folding-unfolding reaction becomes more cooperative in the presence of substrate, which is consistent with the burial of hydrophobic surface area in Hsp33 upon substrate binding. The new hydrophobic surface area that is buried upon substrate binding could be at the binding interface and/or the result of substrate-induced conformational changes at other regions of Hsp33's three-dimensional structure. On the basis of the data of Myers et al. (39) , the average m value increase observed in our experiments, ∼1 kcal mol
, would correspond to a net ∼600 Å 2 of hydrophobic surface area being buried in the Hsp33 dimer upon ligand binding.
A quantitative determination of ΔΔG f values requires an accurate and precise determination of the m value. Since the m values of four different holo-Hsp33 complexes were determined to be within the experimental error of each other, an average m value for Hsp33 in its ligand-bound state was determined from the holo-Hsp33 m values listed in Table 2 . This average m value was used in eq 1 to calculate replicate ΔG f values directly from the C 1/2 SUPREX values measured in this work. We have previously shown that this approach can greatly improve the accuracy and precision of ΔG f values by SUPREX (18, 19) . The recalculated ΔG f values (i.e., the ΔG f,avg values) are listed in Table 2 , along with the ΔΔG f,avg values calculated for each complex.
The ΔΔG f,avg values in Table 2 were used to determine the dissociation constant (i.e., K d ) of each complex (see Table 2 ). The K d values in Table 2 are reported as a range because of the uncertainty of the concentration of the protein substrates. As described in Experimental Procedures, the Hsp33 complexes studied in this work were prepared by addition of substrate to a heated Hsp33 solution and then separation of the soluble protein complex from any insoluble substrate aggregates in a centrifugation step. Therefore, it was difficult to calculate the free ligand concentration due to the unknown amount of discarded aggregates. The titration was stopped when the Hsp33 dimerto-substrate concentration ratio was 1-1.5. Since each polypeptide chain of the unfolded protein substrate is expected to bind to one dimer of the Hsp33 molecule, the total ligand concentration used in the K d calculations was assumed to be as low as 1 and as high as 1.5 times the Hsp33 dimer concentration. It is noteworthy that only one population of H-D exchanged Hsp33 molecules was detected in the MALDI readout of our SUPREX experiments with Hsp33. This is consistent with the Hsp33 dimer being saturated with protein substrates in our experiments, suggesting that an Hsp33 dimer does indeed bind substrate and that the ligand concentration in our experiments was at least that of the Hsp33 dimer.
DISCUSSION
To obtain accurate ΔG f and m values for a protein folding reaction by SUPREX experiments, the protein under study must (i) have a two-state folding reaction (i.e., protein folding intermediates are not populated, and only the unfolded or folded states of the protein dominate during the folding reaction) and (ii) exhibit EX2 exchange behavior (i.e., the folding reaction must be significantly faster than the intrinsic exchange rate of an unprotected amide proton). To the best of our knowledge, it is unknown whether the folding reaction of Hsp33 is two-state. However, given its relatively large size and multidomain structure, it is unlikely that folding of Hsp33 follows a two-state process. Therefore, the thermodynamic parameters reported here do not represent absolute thermodynamic values for the folding reactions of Hsp33. However, our interest is to measure the difference in folding free energy before and after ligand binding. If it is assumed that the partially folded intermediate state(s) populated in the folding reaction of the apoprotein is the same as those populated in the folding reaction of the holoprotein, then the SUPREX-derived folding free energy values can be used to obtain accurate binding free energies (i.e., ΔΔG f,avg values). Also, if the protein is under non-EX2 (so-called EX1) exchange behavior in our SUPREX experiments, our previous studies demonstrate that the theoretical error introduced into the SUPREX analysis by assuming EX2 exchange was relatively small and can be ignored compared with the experimental error (40) .
We found that the SUPREX-derived ΔG f and m values for Hsp33 were significantly increased upon ligand binding. The increased ΔG f values for the Hsp33 complexes with CS, MDH, aldolase, and LDH indicated that Hsp33 binds these unfolded proteins and forms a thermodynamically stable proteinsubstrate complex. These results are consistent with previous findings that Hsp33-substrate complexes are apparently very stable and require reducing conditions for their dissociation (37) . The increased m values suggest moreover that hydrophobic surface areas in Hsp33 are buried upon ligand binding. Like other heat shock proteins such as GroEL (41) and heat shock protein 16.5 (42), Hsp33 contains a large hydrophobic surface area located in the N-terminal domain (43) , which becomes exposed upon the oxidative activation of Hsp33. This N-terminal region has been proposed to serve as the binding site of protein folding intermediates (43) . In agreement with this hypothesis, we found that formation of a complex of Hsp33 with its denatured protein substrates indeed causes the burial of extensive hydrophobic surface areas, making them much less solvent accessible. This results in a more cooperative folding reaction of the Hsp33 complex. Our SUPREX results (i.e., the increased m value) suggest that on the order of 600 Å 2 is buried at the Hsp33-substrate interface. This is a substantial part of the maximum surface area of 3600 Å 2 that has been postulated to potentially serve as the substrate binding site in the Hsp33 dimer (43) .
Our results suggest that the Hsp33-LDH, Hsp33-aldolase, and Hsp33-CS complexes have K d values ranging from 15 to 300 nM. The ΔΔG f,avg value obtained for the Hsp33-MDH complex was slightly more negative compared to those of the other three complexes, and the lower bound of the reported K d range for the Hsp33-MDH complex was approximately 1 order of magnitude smaller compared to the lower bounds of the other three complexes. The lower bound calculation of the K d value ranges in Table 2 assumes the excess protein substrates in our samples are aggregated and precipitated out of solution prior to our SUPREX analysis. Our light scattering results (Figure 1 ) suggest that such aggregation and subsequent precipitation are more likely to occur with CS, LDH, and aldolase substrates than with the MDH substrate, as the time course of MDH aggregation is substantially slower than those of the other three substrate proteins. Thus, the K d values of the Hsp33-LDH, Hsp33-aldolase, and Hsp33-CS complexes are likely to be at the lower end of their reported ranges, whereas the K d value for the Hsp33-MDH complex is likely to be at the upper end of its reported range, where the K d calculation assumes no aggregation and precipitation of the unbound protein substrate prior to our SUPREX analysis.
If, as suggested above, we assume that the K d value of the MDH-Hsp33 complex is near the lower bound reported in Table 2 and the K d values of the other three complexes are near the lower bounds reported in Table 2 , then the K d values determined for all the complexes in this work would fall in a range of 15-82 nM. This range is within the range of previously reported binding affinities for other protein folding chaperones binding with their non-native protein substrates. For example, the molecular chaperones GroEL and SecB exhibited a K d value of 50 nM with denatured Barnase, which was determined using a H-D exchange and NMR-based technique (12) . Hsp60 was found to have a K d value of 1.5 nM with denatured recombinant prion protein (13) . The binding affinities of two closely related small heat shock proteins, an R-crystallin analogue and Hsp27, for a destabilized T4 lysozyme construct have also been reported by fluorescence (10, 11) and back-scattering interferometry (14) to be in the range of 1-170 nM.
One major goal of our quantitative thermodynamic studies of Hsp33 and its substrate complexes was to determine if the binding affinities of a given chaperone for different protein substrates were the same or different. Our results obtained for the Hsp33 system suggest that the binding affinities of a given chaperone for a variety of different protein substrates are very similar. These results are quite surprising given that the substrate proteins vary dramatically in their primary amino acid sequence and presumably their state of (un)folding. They raise the intriguing question of the common features that turn these fundamentally different proteins into high-affinity binding partners of chaperone. Analysis of the substrate binding specificity of individual chaperones, such as Hsp33, might shed light on this important problem. Regardless of the detailed molecular features that define the substrate specificity of chaperones, it is interesting to note that the combination of our new data together with existing data strongly suggests that the binding affinities of protein folding chaperones for their denatured protein substrates fall in the low nanomolar range and cluster in a relatively narrow range (i.e., within 1-2 orders of magnitude).
